The relative resistance of four cultivars of the Cucurbitaceae (Cucwnis sativus L. cv. National Pickling, and inbred line SC 25; Cucurbita pepo L. cv. Prolific Straightneck Squash, and cv. Small Sugar Pumpkin) to S02 was determined. According to plots of the degree of exposure to SO2 (which depends on the SO2 concentration and the duration of the exposure), there is an 8-fold difference in resistance to this toxic gas among these cultivars. However, if the degree of injury is plotted as a function of the amount of S02 absorbed, all four cultivars appear similarly sensitive to the gas. We conclude that the principal reason for special and varietal differences in resistance among these cultivars is the relative rate of absorption of the gas. The densities of stomata on the upper and lower surfaces of leaves did not differ sufficiently between cultivars to account for the differences in absorption rates. It remains to be determined whether the differences in rate of SO2 absorption reflect differences in stomatal activity.
death. Heritable differences in resistance to SO2 could reflect differences in either (a) or (b) . Thomas and Hill (23) showed in 1935 that the extent of injury sustained by alfalfa plants, which had been subjected to varying amounts of light and moisture in the presence of SO2, was highly correlated with the amount of S02 absorbed. Thomas (21) speculated that species differences in resistance to SO2 were mainly due to differences in the rate of absorption of SO2, but the hypothesis was not tested experimentally.
If two closely related species or cultivars could be found which differ in their sensitivity to SO2 but not in their SO2 absorption rates, then a comparison of the effects of SO2 on biochemical processes in such a pair of species or cultivars might enable one to discern the primary biochemical lesion which results ultimately in visible injury. With this long term objective in mind we initiated a search for such a pair of plants. We concentrated our efforts on the Cucurbitaceae because an unusually wide range of S02 sensitivity was evident in this family according to past surveys (22) .
We looked for differences among cultivars of Cucurbita pepo (squashes and pumpkins) and among cultivars of Cucumis sativus (cucumbers).
MATERIALS AND METHODS
Plant Material. L. Baker, MSU Department of Horticulture, kindly supplied seeds of cucumber, C. sativus L. inbred line SC 25. Seeds of cucumber, cv. National Pickling and seeds of C. pepo L. cv. Prolific Straightneck Squash and cv. Small Sugar Pumpkin were purchased from Vaughn Seed Co., Ovid, Mich.
Growth Conditions. Seeds were planted in 300-ml plastic pots and grown in a greenhouse supplemented with fluorescent light. The plants were watered daily, twice with distilled H20 and once with 0.5 Hoagland solution. When the first true leaf had expanded, seedlings were thinned to one plant/pot. After 3 or 4 weeks, the plants were transferred to a growth chamber maintained on a 16-hr photoperiod with a 32.2 C light temperature and 15.6 C dark temperature. An irradiance of 7.5 mw cm-2 (4.7 mw cm-2 from fluorescent lamps and 2.8 mw cm-2 from incandescent lamps) was provided. All plants were maintained in these conditions from 4 to 14 days prior to use in fumigation experiments.
Fumigation System. A fumigation system was specially constructed for these experiments (Fig. 1) . The fumigations were performed in Plexiglas chambers (52 x 52 x 60 cm) (162 liters). The chambers were illuminated by a bank of fluorescent lights mounted above the chambers, providing a light intensity of I mw cm-2 at 15 cm below the top of each box. The chambers were supplied with air which had been filtered through charcoal and then mixed with SO2 from a tank containing 10 Sulfur Monitoring SystenL Analysis of SO2 (Fig. I ) was performed with a flame photometric detector (Monitor Labs model 8450 sulfur analyzer). The gas entering and leaving the fumigation chambers was monitored alternately every 7 or 15 min. During fumigation with SO2 concentrations above 0.8 ,ul liter-', the gas being monitored was diluted with S02-free air prior to reaching the analyzer in order to obtain SO2 concentrations near the middle of the linear range of the instrument, I to 1,000 nl liter-'. The output of the analyzer was recorded on a strip chart recorder, with a chart 25 cm wide moving at 2.5 cm hr-', set to deflect full scale at 1,000 nl liter-'.
Calibration of Sulfur Analyzer. A SO2 permeation tube served as the standard source of SO2. Neither of two SO2 permeation tubes released SO2 at the rates certified by the manufacturer (Ecocal). It was therefore essential to recalibrate the permeation tubes by measuring weight loss over a period of months. The sulfur analyzer was calibrated with the permeation tube, and by alternately measuring SO2 with the analyzer or trapping the SO2 in base, then measuring the concentration of trapped SO2 colorimetricaaly by the basic fuchsin method (9) .
All rotameters were calibrated with the needle valve positioned at the downstream end and fixed in position in the system, i.e. using air flow through the system as it occurred during experimental runs. RESULTS Quantitation of Necrosis. In past studies of the pernicious effects of S02 on plants, injury has been assayed by visual estimation of per cent necrosis (12, 18, 19, 22, 23) . We also have employed this technique, but we verified the accuracy of our visual estimations by comparing the per cent necrosis obtained by physically separating necrotic and healthy portions of individual leaves and determining the dry wt of the respective portions. The visual estimation of per cent necrosis agreed quite well with the dry wt estimation (Fig. 2) . The correlation coefficient of the two methods was 0.98.
Dependence of Degree of Injury on S02 Exposure and on SO2
Absorbed. Degree of exposure to SO2 is a function of both the SO2 c6ncentration in the air surrounding the plant and the duration of its presence. Some control of the SO2 concentration to which the plants were exposed had to be sacrificed in order to measure the rate of SO2 absorption as the difference between the influx and efflux concentrations of SO2. Provided that the air in the chamber is mixed continuously and rapidly, and that a steady state has been reached, the efflux concentration is the concentration of SO2 to which the plants are exposed. Since the influx concentration could be controlled but not the rate at which plants absorbed SO2, the efflux concentration could not be predetermined precisely. In most experiments, it was more than 50% of the influx concentration. The amount of injury inflicted on four cucurbit cultivars by various exposures to SO2 was determined. The data are plotted both as a function of influx concentration (Fig. 3A) , which is often the only concentration reported in SO2 fumigation studies, and as a function of the efflux concentration, i.e. the SO2 concentration to which the plants were exposed in the chamber (Fig. 3B) . The data were taken from a large number of experiments and there were differences in the duration oftreatment between experiments. Therefore, the data were normalized for a treatment time of 1000 min, assuming that injury = k[SO21[time] (22) for SO2 concentrations well above the injury-causing threshold, and for limited variations of time.
The more sensitive cucumber, SC 25, had an LD50 of 3.4 ,l liter-', compared to an LD50 of about 6 Al liter-' for the cultivar National Pickling (Fig. 3A) . The LD50 values of two cultivars of C. pepo, a squash and a pumpkin, were 9 and 12 Al liter-l, respectively. Thus, the pumpkin was about four times more resistant to SO2 than cucumber SC 25, when compared on the basis of influx concentration of SO2 (Fig. 3A) . However, pumpkin was really about eight times more resistant than cucumber SC 25 when compared on the basis of efflux concentration, the true exposure concentration (Fig. 3B ). Yet when the amount of injury sustained by the same cultivars was plotted against the amount of SO2 absorbed per cm2 of leaf (Fig. 4) mately equal exposure, experiments were selected to have similar mean SO2 influx concentrations for each of the four cultivars studied (Table I ). It is evident that under conditions of approximately equal exposure (column II), as the amount of SO2 absorbed decreased (column III), injury also decreased (column IV), so that the ratio of absorption to injury was almost constant (column VI). On the other hand the ratios of exposure to injury changed almost 4-fold (column V). Thus, the differences in resistance of the four cultivars were evident only in the relationship of exposure to injury and not in the relationship of amount of SO2 absorbed to injury. It appears then, that the major factor responsible for resistance differences among these cultivars under conditions of equal exposure is the mean rate of uptake of SO2, which is lowest when resistance is highest.
A varietal difference in the rate of uptake of a gas by plants is cause to suspect strongly a difference in either the number or behavior of stomates. The densities of stomates on the upper and lower surfaces of leaves were determined for each of the cultivars studied (Table II) . No dramatic differences between the cultivars were found in stomatal densities, and the slight differences were not large enough to account for the differences in resistance to SO2 exposure. Differences in stomatal behavior either in the presence or absence of SO2 remain to be determined.
Resistance and Leaf Age. It became evident in the course of the fumigation experiments that the leaves nearer the apex were always more resistant to SO2 (Fig. 5) . This observation raised the question of whether the resistance of these leaves correlated with their rate of SO2 absorption. The lesser amount of injury sustained by the upper leaves at a given SO2 exposure (Fig. 6 ) was still evident when the dependence of injury on the amount of SO2 absorbed per cm2 of leaf area was measured (Fig. 7) . This means that the disparity in resistance to SO2 exposure between leaves at different positions on the stem largely reflects events, i.e. biochemical phenomena, which occur after the SO2 has entered the leaf.
In this respect, the mechanism which produces resistance in young leaves compared to old leaves is not the same as that which produces resistance differences among cucurbit cultivars. Young leaves of both resistant and sensitive cultivars all had a relatively high degree of resistance to SO2 absorbed compared to that of old leaves (Fig. 7) . Therefore, this biochemical mechanism of resistance appears not to differ greatly among the cultivars.
The per cent necrosis that a leaf sustained from SO2 exposure increased as its position became farther from the apex (Fig. 5) . The fact that both the mean per cent necrosis and the mean leaf 5, A and B) . The relative susceptibility of a particular leaf on a particular plant to SO2 injury depended more on the age of the leaf than on its numerical position from the apex (Fig. 5, A and B) . The mean age of the plants represented in Figure 5A was 40 days, while those represented in Figure SB had a mean age of 43 days. From the mean number of leaves/plant, the mean growth rates of the plants were calculated to be 0.13 leaf/day and 0.27 leaf/day, respectively. The average leaf at a particular numerical position was therefore about twice as old on the plants which grew slowly (Fig. SA) compared to the plants which grew rapidly (Fig. 5B) . Half of change in the rate of absorption of SO2 by the leaves of all of the cultivars examined were quite variable. In some instances the foliar absorption rate varied as much as 5-fold during the course of a single fumigation (Fig. 8) but simultaneously. This variation in the behavior of individual plants could not be completely eliminated by fumigating groups of plants together in order to obtain an average result. Figure 8B illustrates a few of the many different kinetic patterns of SO2 absorption by groups of two to six plants.
Regardless of whether SO2 is absorbed via the stomates or the cuticle and epidermis of the leaves, the rate of absorption of SO2 is expected to be diffusion-limited. The process should therefore obey .0l. (3) [SO2]efflux (Dr r Thus, a change in the experimentally determined value of this expression is probably indicative of a change in resistance to diffusionof SO2 into the leaf, r, although it could also be indicative of a build-up of internal SO2. Oscillations in the value of this expression have been observed (Fig. 9) . If changes in stomatal aperture occur, they could account for such changes in diffusion resistance.
DISCUSSION
The objective of this study was to find closely related cultivars or species which differed in resistance to SO2 but not in absorption of SO2. The comparative biochemistry of a pair of such cultivars or species may be expected to provide insights into the biochemical mechanismof SO2 injury.
Two cultivars of each of two species of Cucurbitaceae were found to differ in resistance to exposure to SO2. However, the four cultivars sustain similar levels of injury when they absorb similar amountsof SO2 under the described experimental conditions. The resistance differences evident when the cultivars are given equal exposure to SO2 reflect differences in SO2 absorption, the most resistant absorbing the leastS02. These findings provide direct evidence in support of the idea of Thomas (21) during SO2 exposure sometimes correlated with age-dependent changes in SO2 resistance, and sometimes did not. The cucumber cultivars used in this study were derived from divergent sources of germplasm. The National Pickling cultivar carried "northern" germplasm which is common to many commercial cucumber lines bred for the northern latitudes of the U.S., while the SC 25 cucumber was selected from "southern" germplasm which contains disease resistance beneficial to cultivation in the south (L. Baker, personal communication). Some commercial hybrids are produced by crossing plants containing northern germplasm with plants containing southern germplasm. Dr. Baker suspected that SC 25 and possibly other plants with southern germplasm might be especially sensitive to an air pollutant.
Interest in the mechanism of SO2 injury to plants has increased in recent years with the recognition that we will be increasingly dependent on coal for energy. Although SO2 is not now a major agricultural problem, it may become one in specific locales, in which case development of resistant cultivars of agriculturally and horticulturally important plants may become desirable. Only with an understanding of the physiological differences between heritable mechanisms of resistance to SO2, and their relative practical usefulness, can an optimal approach to breeding and selection be devised. Our results provide evidence for genetic variation in resistance to SO2 which is attributable to differences in rate of absorption of SO2. Perhaps plants can also be found or created in which the resistance to SO2 after absorption, which is characteristic of young leaves, will persist in the mature leaves.
